Novel design of refractive index sensors and biosensors based on a
  dual-core micro-structured optical fiber by Tsigaridas, G. et al.
 Novel design of refractive index sensors and bio-sensors based 
on a dual-core micro-structured optical fiber  
G. N. Tsigaridas1,*, V. Karvouniaris2, G. Chalkiadakis1 and P. Persephonis2 
1 Department of Physics, School of Applied Mathematical and Physical Sciences, National Technical University of 
Athens, Zografou Campus, GR-15780 Zografou, Athens, Greece  
2 Department of Physics, University of Patras, GR-26504 Rion Patras, Greece 
*Corresponding author: G. N. Tsigaridas       E-mail: gtsig@mail.ntua.gr 
 
Abstract: In the present work a new model of a refractive index (RI) sensor is exhibited. This is based on a dual 
core micro-structured optical fiber (MOF), where two holes are introduced at the core centers. In this way, the 
model enhances the interaction of the fiber modes propagated in the core region, providing the possibility of 
increasing the dimensions of the fiber sensor. Thus, the filling of the fiber holes with the fluid under study is 
facilitated, and generally the practical use of the system as a refractive index sensor is greatly simplified. The 
sensitivity of the system for various configurations has also been determined. It is found that it can reach record 
values of the order of 7000 nm/RIU. Finally, the use of the system as a bio-sensor has been examined, giving very 
promising results regarding both the sensitivity and the ease of the calibration.   
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1. Introduction 
Micro-structured optical fibers (MOF) are very 
well suited for refractive index (RI) sensing 
[1-12] and bio-sensing [13-20] applications,. In 
most cases, they consist of an array of holes 
running along the entire length of the fiber, 
surrounding a solid or hollow core. In the first 
case the guiding is achieved by photonic 
bandgap, while in the second one by total 
internal reflection. A special class of 
micro-structured optical fibers is the dual solid 
core ones [3, 18]. In this case, coupling between 
the propagating modes in the two cores occurs, 
because of their interaction through their 
evanescent fields.   This coupling can also be 
described using a pair of super-modes, (a 
symmetric (even) and an anti-symmetric (odd) 
one), which are depicted in Fig. 1.  
In all cases, the RI sensing is attained by filling 
the fiber holes with the fluid under investigation 
and observing the changes in the propagating 
modes. However, from a practical point of view 
the filling of the fiber holes implies difficulties 
because of their small diameter, typically of the 
order of1 m . Therefore, it would be desirable 
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to increase the dimensions of the fiber holes in 
order to facilitate the practical application of the 
sensor. However, this implies that the distance 
between the fibers cores should also increase, 
decreasing the strength of their interaction. In 
the present work, a modification of the basic 
design is proposed, by introducing a hole at the 
center of the fiber cores. This results to 
spreading of the mode field and increases the 
interaction between the cores, providing the 
opportunity to increase their separation without 
suppressing their interaction.   
 
From a physical point of view, the coupling is 
due to a periodic transfer of power between the 
two cores and can be expressed by the formula 
[3, 18] 
2
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where 21T is the proportion of the mode power 
transferred between the two cores for 
propagation length L .Also,    is the phase 
difference between the even and odd 
super-mode, defined by the relation 
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Here, 0k  is the wave number in free space and 
   eff eff effn n even n odd      is the 
difference of the effective refractive indices for 
the two super-modes. Obviously, the interaction 
increases as the value of 
effn  increases too. In 
order to describe the strength of the interaction, 
the coupling length CL  is introduced, defined 
by the relation 
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where 0  is the free-space wavelength. 
Combining equations (1), (2) and (3) the 
proportion of the mode power, transferred 
between the cores, finally becomes  
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Consequently, the coupling length is equal to 
the propagation distance where the optical 
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(b) 
Fig. 1: The electric field distribution for a symmetric 
(a) and an anti-symmetric (b) fiber mode. 
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power is completely transferred from one core 
to the other. Obviously, the strength of the 
interaction is inversely proportional to the 
coupling length.   
2. Analysis of the sensitivity of the MOF 
sensor 
In order to use the MOF as refractive index 
sensors, the fluid under investigation fills the 
fiber holes altering the value of 
effn . This 
alteration can be practically measured either by 
the change of the transferred mode power for a 
monochromatic source, or by the shift of the 
wavelength when the maximum transmittance 
occurs for a broadband source [3, 18]. In the 
first case, the change of the transferred mode 
power as a function of the change in 
effn  can 
be expressed by the formula 
2
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where n  is the refractive index of the fluid 
under investigation. The quantity 21T
n


 can be 
considered as a measure of the sensor sensitivity. 
Therefore, in a practical application 21T
n

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should be maximized. This can be achieved 
under the condition that the fiber length 
becomes equal to 2CL , or more 
generally  2 1 2CN L , where N  is a positive 
integer. In this case, Eq. (5) becomes 
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In the second case, the fiber length is fixed to 
the value where maximum transmittance occurs, 
namely 
  2 1 CL N L       (7) 
Eq. (7) implies that the wavelength at maximum 
transmittance is equal to  
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2
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The shift of the wavelength for maximum 
transmittance as a function of the 
alteration
effn  can be expressed through the 
formula  
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The quantity max
n

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
 can also be regarded as a 
measure of the sensor sensitivity. Thus, in both 
cases the sensitivity of the sensor is proportional 
to the quantity  
1
eff
eff
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3. Numerical calculation of the mode 
profile and the effective refractive 
index 
In order to calculate the mode profile and the 
effective refractive index for each configuration, 
mode analysis has been applied on a cross 
section of the MOF [21]. In this analysis the 
MOF contains the two cores and the array of 
holes that confine the electromagnetic field. It is 
supposed that the electromagnetic wave 
propagates along the fiber length, defined as +z 
direction in the analysis.  It has the form 
       0, , , exp expE x y z A x y z i z     
 (11a) 
       0, , , exp expH x y z B x y z i z     
   (11b) 
where  , ,E x y z ,  , ,H x y z  are the electric 
and magnetic field components of the 
propagating wave respectively, while the 
functions  ,A x y ,  ,B x y  describe the mode 
profile.  Here  0  is the linear loss 
coefficient and   the propagation constant, 
related to the effective refractive index by the 
equation 
0 effk n       (12) 
where 0 02k   is the free space wavenumber. 
Writing the Maxwell equations in matrix form, 
and eliminating the longitudinal field 
components, an eigenvalue problem is obtained. 
Its solution provides the propagation constants 
  and the corresponding mode profiles for 
each configuration. More details on the 
algorithm used in the simulations can be found 
in [22]. The simulations were also assisted by 
the Comsol Multiphysics software package.   
 
4. Improvement of the MOF sensor 
through the introduction of central 
holes at the fiber cores 
Initially, a standard dual core micro-structured 
fiber has been considered. Three different 
models were studied with different values of the 
core separation, namely 2  - one hole 
between the cores, 3  - two holes between the 
cores, and 4 - three holes between the cores, 
where Λ is the distance between adjacent holes. 
The results regarding the coupling length and 
the sensitivity are shown in figures 2a and 2b 
respectively. It is clear that as the wavelength 
increases, the coupling length decreases. This is 
expected since as the wavelength increases the 
mode profile is extended.  Consequently, the 
interaction between the modes propagating in 
the two cores of the fiber increases too. Also, 
the coupling length increases as the core 
separation increases, which is also expected 
based on the above argument.   
As far as the sensitivity is concerned it is also 
clear that it increases as the core separation 
becomes larger. It should be noted that the 
enhancement of the sensitivity as the core 
interaction becomes weaker, can be considered 
as a general trend, which is also valid for fibers 
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with holes in the center of the cores.  
 
(a) 
 
(b) 
Fig. 2: The coupling length (a) and the sensitivity (b) as 
function of the wavelength for different values of the 
core separation. The solid lines are the fitting curves 
using single-exponential or linear decay functions.   
 
As it was also mentioned in the introduction, it 
would be desirable to increase the dimensions 
of the fiber in order to facilitate the filling of the 
holes. In the numerical modeling this is 
achieved by introducing a parameter, scale, 
affecting all the dimensions of the fiber. For 
example, if the scale parameter is set to 2, then 
the dimensions of all the fiber features are 
doubled. The results have shown that the 
general trend observed in the case of scale=1, 
namely the increase of the sensitivity as the core 
separation increases, is also valid here. However, 
in this case the functional wavelength range of 
the fiber is restricted, either because the fiber 
becomes multi-mode, or the core interaction is 
fully suppressed. Of course, the functional 
wavelength range shrinks even further as the 
scale parameter increases, and eventually the 
fiber becomes unusable, at least as an RI sensor.   
Therefore, it is clear that in order to use the 
MOF as a RI sensor for quite large values of the 
scale parameter, a substantial modification in 
the fiber design has to be made. This is 
necessary in order to enhance the core 
interaction and suppress the multimode behavior. 
Both of these goals can be achieved by 
introducing a small hole in the center of the 
fiber cores. This is described in the model by a 
parameter called ahole. For the precise, the 
parameter ahole describes the ratio of the hole 
diameter at the center of the cores to the hole 
diameter in the surrounding. From a physical 
point of view, the introduction of a hole at the 
center of the cores reduces the effective area of 
the modes in the core region. This leads to mode 
spreading, and consequently enhancement of 
the core interaction and suppression of the 
multimode behavior.  This has also been 
verified by the results of the numerical 
simulations for 1-hole core separation, shown in 
Fig. 3a, 3b regarding the coupling length and 
the sensitivity respectively. Similar results are 
obtained for 2-hole core separation, as shown in 
Fig. 4.  
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(a) 
 
(b) 
Fig. 3: The coupling length (a) and the sensitivity (b) as 
function of the central hole width for different wavelengths in 
the case of 1-hole separation between the fiber cores.  The 
solid lines are the fitting curves using single-exponential or 
linear decay functions.   
 
It is clear that the coupling length and the 
sensitivity decrease as the hole diameter 
increases, and consequently the mode 
interaction between the two cores becomes 
stronger, enabling the use of larger values of the 
scale parameter. As a characteristic example, the 
results for the sensitivity as a function of the 
parameter ahole, when the scale parameter is 
equal to 2 and 3 are shown in Fig. 5a and 5b 
respectively. It should be noted that in figures 
2-5 there are not many data points for some 
wavelengths, due to the fact that the functional 
range of the sensor is limited at these 
wavelengths. However, in all cases, there are 
enough data to determine the form of the fitting 
functions.   
 
 
 
(a) 
 
(b) 
Fig. 4: The coupling length (a) and the sensitivity (b) as 
function of the central hole width for different wavelengths in 
the case of 2-hole separation between the fiber cores.  The 
solid lines are the fitting curves using single-exponential or 
linear decay functions.   
 
Further, numerical simulations have shown that, 
under certain conditions, the MOF can operates 
as an RI sensor for values of the scale parameter 
up to 10. Some characteristic values in the case 
of scale=5 for 1- and 2-hole separation between 
the fiber cores are shown in tables 1 and 2 
respectively. From a practical point of view, this 
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means that the micro-structured optical fiber 
can operates as an RI sensor for quite large 
values of the hole diameter, improving its 
usability.  
 
(a) 
 
(b) 
Fig. 5: The sensitivity as function of the central hole width for 
scale=2 (a) and scale=3 (b).  The solid lines are the fitting 
curves using single-exponential or linear decay functions.   
 
 Further, numerical simulations have shown 
that, under certain conditions, the MOF can 
operates as an RI sensor for values of the scale 
parameter up to 10. Some characteristic values 
in the case of scale=5 for 1- and 2-hole 
separation between the fiber cores are shown in 
tables 1 and 2 respectively. From a practical 
point of view, this means that the 
micro-structured optical fiber can operates as an 
RI sensor for quite large values of the hole 
diameter, improving its usability. Further, the 
high values of the sensitivity obtained, indicate 
that the system can detect very subtle changes 
in the refractive index of its environment.  
Table 1: The functional range of a MOF sensor in 
the case of scale=5 and 1-hole core-separation. 
ahole λ[nm]  S  Lc[m]  
0.85  500  12.6  0.026  
0.7  600  0.91  0.027  
0.7  700  0.67  0.023  
0.8  700  0.27  0.018  
0.7  800  0.98  0.019  
0.8  800  1.63  0.016  
0.6  900  0.50  0.022  
 
Table 2: The functional range of a MOF sensor in 
the case of scale=5 and 2-hole core separation. 
ahole λ[nm]  S  Lc[m]  
0.9 500 12.5 0.063 
0.7 700 10.0 0.175 
0.8 800 3.64 0.073 
0.8 900 1.43 0.064 
 
For example, in the case of 2-hole core 
separation, scale=5, ahole=0.7 and 700nm  , 
it has been found that 10S  . Thus, according 
to Eq. (9) the wavelength shift 
is max 7000
nm
n RIU




, which an impressive result is. 
From a practical point of view, given that a high-end 
optical spectrum analyzer can easily detect wavelength 
changes of the order of 0.05 nm, the above result 
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indicates that the minimum refractive index change 
detectable by the system is
67 10 . Thus, the system 
can detect even the subtlest changes in its environment, 
making the sensor suitable for very demanding 
applications, including biological ones, as it will be 
discussed in the next section.     
 
5. Application of the system as 
bio-sensor 
In recent years, the use of nano-photonic 
systems, and especially photonic crystal fibers 
as biosensors, has become a subject of intense 
research [22-28]. In this section, we shall check 
the potential of our system as a bio-sensor by 
considering a thin layer of biomaterial attached 
in the inner surface of the core holes. For 
example, a practical use of this analysis could 
be the study and optimization of label-free 
antibody detection using the highly selective 
antigen-antibody binding [29]. Specifically, we 
have studied the effect of the bio-layer thickness 
bt  and refractive index bn  on effn . Clearly, the 
sensitivity of the system as a biosensor is proportional 
to the quantities  
1 eff
tb
eff b nb
n
S
n t


 
    (13a) 
as far as the layer thickness is concerned and  
1 eff
nb
eff b tb
n
S
n n


 
    (13b) 
as far as the refractive index of the bio-layer is 
concerned. Through extensive numerical simulations 
we have found that the slopes
eff
b nb
n
t


and 
eff
b tb
n
n


   
are constant over quite a wide range of the layer 
thickness (0-100 nm) and refractive index (1.35-1.45). 
Some characteristic plots are shown in Fig. 6.  
 
(a) 
 
(b) 
Fig. 6: The dependence of effn  on (a) the thickness and (b) 
the refractive index of the bio-layer. The graphs correspond to 
the case of 2-hole separation between the cores, ahole=0.55, 
while Fig. 6a corresponds to nb=1.45 and Fig. 6b to tb=50 nm. 
Further, in both cases it is assumed that the biolayer is 
developed only on the central holes of the cores while the rest of 
the holes is filled with water. All simulations have been 
performed for a wavelength of 633 nm, which corresponds to 
minimum losses for PMMA fibers.  
It is clear that effn decreases linearly as the layer 
thickness or refractive index increases, which is 
expected because the propagating mode is shielded 
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inside the core holes decreasing the interaction 
between the fiber cores.  
From the numerical values of the slopes we can 
calculate the sensitivity of the sensor which, according 
to Eq. (9), is 3.5 nm/nm when the sensor is used to 
detect thickness changes (fig. 6a) and 
32.2 10 /nm RIU  when the sensor is used to detect 
refractive index changes (fig. 6b). Both these results 
correspond to a bio-layer of 50 nm thickness and 1.45 
refractive index. They can improve even further as the 
layer thickness and/or refractive index increase, as it 
will be shown later.  
 Given that a modern high-end optical spectrum 
analyzer can easily detect wavelength shifts of the 
order of 0.05 nm, it can easily be deduced that the 
bio-sensor can detect thickness changes of the order of 
21.4 10 nm  and refractive index changes of the 
order of
52.3 10 . These results are impressive, 
indicating that the system can detect even the subtlest 
changes regarding the composition (through changes in 
the refractive index) and/or the thickness of the 
bio-layer. 
Further, it has been found that the dependence of 
the slopes
eff
b nb
n
t


and 
eff
b tb
n
n


   on the refractive 
index and layer thickness respectively can be described 
by simple linear or single exponential functions. Some 
characteristic plots are shown in Fig. 7. These results 
suggest that the calibration of the system for use as a 
biosensor should be especially easy. It is also clear that 
the sensitivity of the system increases as the layer 
thickness and/or refractive index increase, giving the 
potential to improve even further the impressive results 
regarding the detection limit of the system. Finally, it 
should be noted that these trends are valid over a wide 
range of the sensor parameters, namely core separation, 
central hole diameter, and scaling. Some characteristic 
plots for a different set of parameters are shown in Fig. 
8. It is obvious that in this case the dependence of 
eff
b nb
n
t


on the refractive index of the biolayer is not 
linear, but it is described by a single exponential 
growth function. However, the behavior of the system 
can still be easily modeled and predicted.   
 
(a) 
 
(b) 
Fig. 7: The dependence of the slopes (a) 
eff
b nb
n
t


and (b) 
eff
b tb
n
n


   on the refractive index and layer thickness 
respectively. The parameters used in the simulations are the 
same as in Fig. 6.  
Thus, the design parameters of the sensor can be 
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tailored to the demands of specific applications, 
without losing its main advantages, namely high 
sensitivity and ease of calibration. 
 
(a) 
 
(b) 
Fig. 8: The dependence of the slopes (a) 
eff
b nb
n
t


and (b) 
eff
b tb
n
n


   on the refractive index and layer thickness 
respectively. The parameters used in the simulations are the 
same as in Fig. 7 except the core separation, which is now 
1-hole.   
 
6. Conclusions 
In conclusion, a new design for refractive index 
sensors based on a micro-structured dual core 
optical fiber is exhibited. This is based on the 
introduction of a small hole at the central region 
of the fiber cores. This causes mode spreading, 
enhancing the core interaction and suppressing 
undesirable multi-mode behavior. In this way, 
the dimensions of the MOF sensor can become 
large, facilitating its practical use. Further, the 
same principle has been applied to a dual core 
conventional optical fiber. In this case, 
numerical simulations have shown that it can 
also operate as a refractive index sensor, where 
the sensitivity can be controlled mainly by the 
core separation. Further, we have performed 
simulations regarding the potential of the 
system for use as a bio-sensor, which gave very 
promising results regarding both the sensitivity 
and the ease of the calibration.  
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